We have studied the fragmentation dynamics of core-excited SiF 4 by means of soft-x-ray photoexcitation and partial positive and negative ion yield measurements around the Si L 2,3 -shell and F K-shell ionization thresholds. All detectable ionic fragments are reported and we observe significant differences between the various partial ion yields near the Si 2p threshold. The differences are similar to our previous results from CH 3 Cl showing more extended fragmentation in correspondence to transitions to Rydberg states. At variance with smaller systems, we observe negative ion production in the shape resonance region. This can be related to the possibility in a relatively large system to dissipate positive charge over several channels.
INTRODUCTION
Silicon tetrafluoride belongs to the group of highly symmetric, stable systems, with a central atom surrounded by strongly electronegative ligands, which have attracted considerable attention in the literature because those are showcases describing the existence and properties of the continuum resonances known as shape resonances. 1 Namely, the absorption spectra of SiF 4 around both the Si 2p and the F 1s ionization thresholds show intense molecular resonances above and below both thresholds. Such phenomena are connected to the existence of an effective potential barrier which forms an inner well and an outer well. The quasibound continuum states known as shape resonances are located in the inner well. A shape resonance can be described as a continuum state supported by the potential barrier in which the emitted photoelectron is temporarily trapped, eventually tunneling through and ejected into the continuum. 2 An alternative but equivalent description is electron excitation to virtual molecular orbitals pushed above the ionization threshold by the potential barrier. 3 Both models give essentially the same picture.
The scattering picture can be more useful when describing changes in electron angular momentum in the region of a shape resonance, while the molecular orbital picture can be more appropriate to describe the continuum resonances in terms of symmetry and selection rules. In fact, continuum resonances were first observed in the spectra of Si and S L edge of SiF 4 ͑Ref. 4͒ and SF 6 ͑Ref. 5͒ and interpreted as due to a barrier in the molecular potential created by the fluorine cage surrounding the central atom. In this widespread and, at some extent, simplified picture, the barrier then subdivides the effective scattering potential into inner-well and outerwell regions, the former supporting quasibound orbitals in the continuum, 1 giving rise to scattering resonances traditionally known as shape resonances. The ever high interest in the spectroscopic properties of SiF 4 are also justified by its technological importance as it is routinely employed as an etchant in microelectronics, representing thus one of the more relevant technological silicon compounds. 6 Experimental work on SiF 4 performed over almost three decades has nearly covered its whole electronic spectrum by employing a variety of techniques, including absorption, fluorescence, photoionization, and scattering experiments.
Photoabsorption data in the near threshold range were provided by Suto et al. 7 and Kameta et al. 8 Valence photoionization has been the subject of recent works by Cooper et al. 9 and Holland et al., 10 who reported photoelectron angular distributions, partial photoionization cross sections, and branching ratios for the first five valence ionizations as an extension of a previous work by Yates et al.
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Absolute photoabsorption oscillator strengths for valence excitation loss spectroscopy in the dipole regime have also been provided. [12] [13] [14] Photoionization and electron-impact studies below threshold and in the Si 2p ionization continua performed by several investigators [15] [16] [17] [18] [19] [20] [21] provided an interpretation for the resonant and normal Auger spectra 22 and helped in clarifying the relative importance of several decay channels for discrete Si 2p and 2s excitations and for the shape resonant states in the Si 2p continua. Several photoabsorption and photoionization studies were also performed in the vicinity of the Si 1s ͑Refs. 23 and 24͒ and F 1s ionizations. 15, [25] [26] [27] [28] This relatively large abundance of experimental work has stimulated several theoretical investigations, either in the a͒ Author to whom correspondence should be addressed. Electronic mail: maria-novella.piancastelli@fysik.uu.se. molecular continuum with the use of the multiple-scattering formalism. 11, 18, [29] [30] [31] or for an interpretation of the photoelectron spectrum with ab initio methods such as third-order algebraic-diagrammatic construction, outer valence Green function, and configuration-interaction methods. 10, 13 Even if the multiple-scattering calculations succeeded in interpreting most of the prominent features found in both valence 11, 30 and core 18, 29, 30 photoabsorption and photoionization studies, the agreement with the various sets of experimental data is often only qualitative, especially in the near threshold region. 10, 11, 18, 28 A recent comprehensive paper includes photoabsorption and photoionization cross section calculations for all valence and core levels with the time-dependent density-functional theory approach. 32 Resonant excitation or ionization of a core electron by a photon in the soft-x-ray regime promotes a molecule to a rather unstable potential energy surface. The excited system relaxes on a very short time scale, typically tens of femtoseconds or less, most likely by emitting an electron, then adopting a different geometry and/or breaking one or several chemical bonds. Below the core-level ionization limits, electronic relaxation processes generally lead to singly charged ions, produced either by participator or spectator resonant Auger decay. Above the core-level ionization limits, the intermediate state is itself singly charged and relaxes preferentially by normal Auger decay, leading to doubly charged species. In rarer situations, emission of several electrons during the ͑resonant or not͒ Auger decay is possible. In each case, ion fragmentation is dependent on internal energy, i.e., upon the electronic and vibrational energies stored in the system: The more energy stored, the more the ion is likely to dissociate. These phenomena can be highlighted by detection of one or several emitted particles. High-resolution electron spectroscopy is a suitable tool in studying the ultrafast processes of electronic and nuclear rearrangements, whereas ion spectroscopy typically monitors processes taking place on longer time scales. However, one can obtain a wealth of information on the dynamics of core-excited species by analyzing partial ion yield spectra.
In the present work, we report experiments on partial ion yields upon core excitation around both the Si 2p and the F 1s core levels. All produced ions are collected, including minority species such as doubly and triply charged cations and anions. We demonstrated that in such a relatively large system, the production of anions is possible in the shape resonance region, in analogy with our previous results on another rather large molecule with electronegative ligands, SF 6 , 33 and at variance with many smaller molecules ͓CO, 36 NO ͑Ref. 37͔͒ where we showed that anion spectroscopy is a good tool for assigning shape resonances since in small systems, the production of anions following the fragmentation of doubly positively charged species is definitely unlikely, and therefore no spectral structures are evident in the anion yield curves at the shape resonance position. We also noticed that the shape resonances are clearly visible in the ion yields when the species is core excited around the Si 2p core level, while those are almost invisible when the excitation takes place around the F 1s core level, at variance with our previous results on SF 6 . We attribute this finding to a more localized character of the continuum resonances around the central atom. We confirm our previous observation reported for other systems that the spectral region pertaining to the excitation to Rydberg states is more intense as a function of the extent of fragmentation.
EXPERIMENTAL
Our measurements were performed on the undulator beamline BL 8.0.1.3 at the Advanced Light Source, Lawrence Berkeley National Laboratory. The monochromator resolution on BL 8.0.1.3 around 100 eV was approximately 12-15 meV when using an entrance slit width of 12 m and an exit slit width of 20 m. We used an entrance slit width of 20 m and an exit slit width of 30 m near 700 eV, resulting in a lifetime-limited resolution. The experimental apparatus used in the present study has been previously described. 38 Basically, the apparatus consists of a 180°m agnetic mass spectrometer, providing a full width at half maximum corresponding to a fraction of uma, which is adequate to distinguish fragments with sequential number of hydrogen atoms, a lens system to focus the ions created in the interaction region onto the entrance slit of the mass spectrometer, and a gas cell containing an extraction field to move the ions created in the interaction region into the lens system. The target gas enters the open cell via an effusive jet of 2 mm diameter. A channel electron multiplier is used at the exit slit of the spectrometer to detect the ions. Finally, a differential pumping system was used to isolate the target chamber vacuum ͑2 ϫ 10 −5 torr͒ from the beamline vacuum ͑1 ϫ 10 −9 torr͒. The SiF 4 gas was commercially obtained from Scott Specialty Gases, VLS1 grade, 99.998% purity, and used without further purification. Photon energies were calibrated at the Si L 2,3 edges using the Si 2p 3/2 → 6a 1 * resonance at 106.095 eV ͑Ref. 19͒ and verified with krypton between 90 and 94 eV, 20 and at the F K edge by the F 1s → 6a 1 * resonance at 689.2 eV. 15 In order to obtain reasonable statistics and verify reproducibility, all of the spectra presented in this paper are the sum of several recordings, which were separately normalized, especially the weaker dissociation channels as the doubly charge ions and the anions for which up to ten spectra have been recorded and summed.
RESULTS AND DISCUSSION
When a core hole is induced in a molecule, dissociation is very likely to occur following or even during electronic relaxation. The main pathway to molecular fragmentation is the decay of the species with a core hole to a molecular ion with a single positive charge ͑mainly below threshold͒ or to a molecular ion with a double positive charge ͑mainly above threshold͒, which are often metastable and subsequently dissociate by breaking one or more chemical bonds. Observation of the resulting ions ͑molecular or atomic͒ is very informative of the nature of the excited or ionized state and of the dynamics of the photofragmentation process.
Silicon tetrafluoride has four equivalent Si-F bond in a tetrahedral geometry. The ground state configuration in the T d symmetry point group is
The outer valence orbitals 5a 1 and 4t 2 are -bonding orbitals formed by superposition of Si 3s / 3p and F 2s / 2p orbitals, while the three outermost orbitals 1e, 5t 2 , and 1t 1 are halogen lone-pair p orbitals with small contributions from the Si 3d orbitals in the 1e and 5t 2 . The virtual valence orbitals are the corresponding * ͑Si-F͒ levels.
We have performed ion yield measurements in the photon energy regions including the Si 2p and the F 1s ionization thresholds. All detectable fragments have been collected, both anions and cations.
Si 2p edge
In the photon energy region including the Si L At h Ͼ 109 eV, excitations into much narrower states with a fine structure splitting are observed, which are assigned to vibrationally split Rydberg states. The lowest Rydberg states in the energy region from 109.1 to 110.2 eV are mainly attributed to 4s ͑2p 3/2 −1 4s͒ and 4sЈ ͑2p 1/2 −1 4s͒ coreexcited states. These 4s and 4sЈ resonances look different from the excitation to higher Rydberg states, which can be attributed to a partial * character stemming from Rydbergvalence mixing ͑see below͒. The spectral features observed for energies above 110.2 eV are mostly due to excitations into nd and ndЈ states, which can be described by approximately constant quantum defects as well as by similar intensity variation of the vibrational substates ͑see below͒. In addition, weak 4p and 4pЈ excitations are identified. The ionization thresholds for the two spin-orbit split states 2p 3 the photon energy region below threshold, we can observe that the Rydberg series is more prominent for the lighter fragments such as Si + , F + , and F 2 + , although we do not observe a definite trend in the relative increase in intensity of the spectral features related to Rydberg decay as a function of the fragment mass the same way we did in several other cases. [39] [40] [41] Above threshold, we see the features at 117 and 134.5 eV, assigned as shape resonances, in all curves, although again with more relative intensity for the lighter fragments. This observation is corroborated by the appearance of the yield curves of the multiply charged fragments, where the two peaks related to the shape resonances are much more evident due to the fact that the shape resonance decay produces doubly charged species as the first step, and therefore in such spectral region, we expect either doubly or multiply charges species or light fragments such as Si + and F + which can be produced simultaneously with other positively charged species following as a further step the Auger decay to a doubly charged species. This effect is well known and can be explained by the dominant decay pattern above threshold being normal Auger decay producing doubly charged cations. It is especially visible for spectral structures related to shape resonances because the intensity of the Auger decay mimics the resonant increase in relative intensity of the photoelectron lines, and therefore the resonant enhancement is visible in fragment-ion yields, such as doubly charged ions, reached after Auger emission.
In Fig. 3 , we report the yield curves for the two anions we detect in the photon energy region, F − and Si − . The most interesting observation is that we see a rather significant production of anions in correspondence to the above threshold continuum resonances. The yield of the anion fragments detected in this photon energy region is particularly interesting. The most noticeable feature is that the shape resonances have spectral intensities in the anion yields comparable to those of the cation yields. This is in contrast to a series of previous investigations [34] [35] [36] [37] where we discussed the possibility of using anion yields to assign above threshold resonances directly via experiment. This argument was based on the fact that to produce an anion following the normal Auger decay of a core hole, which leads initially to a doubly charged parent ion, a net concentration of triple positive charge on one fragment must be envisaged in a small molecule. In simple systems such as CO, 34 N 2 O, 35 CO 2 , 36 and NO, 37 this was found to be highly unlikely. We have also used this effect to build a purely experimental method to assign shape resonances versus other kinds of continuum resonances such as doubly excited states. However, while this argument is strong for diatomic or triatomic molecules, it does not necessarily hold for more complex systems, where the possibility for delocalization of positive charge exists. This quenching effect can therefore be directly related to the size of the investigated molecule: If the system is large enough, it is possible to observe anion yields at shape resonance positions. As an example, formation of F − could stem from one of the following patterns, as well as many more not depicted here:
We detect all the above mentioned species, except SiF 3 3+ ; therefore these pathways are reasonable.
We have already reported a similar finding for SF 6 , 33 and the analogous observation in SiF 4 confirms the overall interpretation.
F 1s edge
The charged fragments we detect in the photon energy region near the F K edge are SiF We did not gather a TIY spectrum for this energy range.
As a general observation, we notice that while at the Si 2p edge the overall appearance of the partial ion yields is rather similar, around the F 1s edge, there are much larger differences between the various yield curves. We attribute this general trend to the fact that in the former case, electron decay following core excitation reaches final states where the contribution of the central Si atom is large, and therefore are more symmetrically distributed over the molecule, while in the latter case, the final states are more localized on the peripheral F atoms. As a consequence, the subsequent fragmentation is more anisotropic at the F 1s edge.
In Fig. 4 , we report the yield curves for all the singly positive charged fragments. The literature spectral assignment from angle-resolved ion yield measurements is as follows: 27 Vinogradov and Zimkina first observed the x-ray absorption spectra of the SiF 4 molecule. 4 They pointed out that the relative spacings of the absorption bands are almost identical between the spectra of the F 1s and Si 2p regions. Thus there are three intense features below the threshold, whereas a broad feature is visible above the threshold. In analogy with the assignment for the structures below the Si 2p thresholds, we can assign the three below threshold features to F 1s → 6a 1 * , F 1s → 6t 2 * , and a composition of the overlapping transitions from F 1s to the Rydberg orbitals of various symmetries. On the ground of symmetry-resolved ion yield spectra, 28 it can be deduced that the second lowestlying feature has a mixed valence-Rydberg character. The ionization threshold is at 694.56 eV. Furthermore, we can assign the structure at about 5 eV above threshold to F 1s → 2e * . The shape resonance feature is broad because of the short lifetime of the resonance determined by the escaping time of the photoelectron temporally trapped by the molecular potential.
In Fig. 4 , we report the yield curves for the singly charged species. Again we can observe that the spectral region related to Rydberg excitations acquires more relative intensity for the lighter fragments, although as is the case for the Si L 2,3 edge, there is no definite trend as a function of fragment mass.
We also notice that the intensity ratio between spectral features at 689.2 and 691.8 eV, related to transitions to the 6a 1 and 6t 2 molecular orbitals with * ͑Si-F͒ character, changes very noticeably if we compare the different yield curves, while it varies much less for the corresponding curves obtained around the Si L 2,3 edges, where such intensity ratio ͑between the two groups of spin-orbit-split features at 106.095 and 106.650 eV and at 108.360 and 108.800 eV͒ is rather similar. Since the relative intensity of the peak at 691.8 eV seems to mimic the behavior of the following group of peaks, assigned as pure Rydberg transitions, at least in the majority of the yield curves, we can assess that this behavior is explained by the partial Rydberg character of such feature, while the corresponding features below the Si L 2,3 edges have a more pronounced molecular orbital character with little or no Rydberg contribution.
We can also notice that the above threshold structure which can be related to shape resonances are rather weak, especially compared to the Si L 2,3 edge. We can speculate that the trapping mechanism is more effective when the outgoing electron leaves from the central atom.
In Fig. 5 , we show the yield curves for the doubly and triply charged fragments. The general trend is that the above threshold features are more intense, again in agreement with the assumption that the normal Auger decay following the shape resonance excitation produces doubly charged species. However, this is not a general trend; such structures are very intense only in a few of the yields of doubly charged species ͑F ++ ,Si ++ , SiF ++ ͒, implying some extended fragmentation taking place at the shape resonance positions.
In Fig. 6 , we report the yield curves for the negatively charged species. It is interesting to notice that the shape resonance features are barely visible there, consistent with what we observed in Fig. 4 . This is at variance with what we observed in SF 6 , where the intensity of the shape-resonancerelated features is comparable at the two edges. We can conclude that in the present case, the localization of the continuum feature around the central atom is higher, and therefore the resonant intensity is lower.
CONCLUSION
We reported experiments on partial ion yields upon core excitation around both the Si 2p and the F 1s core levels. We demonstrated that in such a relatively large system, the production of anions is possible in the shape resonance region, in analogy with our previous results on another rather large molecule with electronegative ligands, SF 6 , and at variance with many smaller molecules ͑CO, CO 2 , NO, N 2 O͒. This can be related to the possibility in a relatively large system to dissipate positive charge over several channels. The shape resonances are clearly visible in the ion yields when the species is core excited around the Si 2p core level, while those are almost invisible when the excitation takes place around the F 1s core level. We attribute this finding to a more localized character of the continuum resonances around the central atom. We confirm our previous observation reported for other systems that the spectral region pertaining to the excitation to Rydberg states is more intense as a function of the extent of fragmentation.
